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"Z 1Introduction to Functional Cell Assays,

PETER S. RABINOVITCH,' CARL H. JUNE,b AND
TERRANCE J. KAVANAGH,

Daepartment of Pathology
,.. University of Washington

Seattle, Washington 98195
-". bimmune Cell Biology Program
-;' Naval Medical Research Institute
" 2Bethesda, Maryland 20814

,� -: .-* cDepartrments of Medicine and Environmental Health
University of Washington

Seattle, Washington 98195

The flow cytometer can be used to measure a variety of functional parameters' t
are of increasing interest to cell biologists. Some of these parameters are alreadyb
interest in the clinical laboratory and some will become clinically relevant in the near
future. The recent development of a number of new fluorescent probes now perit
the measurement of various intracellular free ion concentrations, membrane charac-
teristics, indicators of cellular metabolism, and intracellular glutathione..M
previously available techniques to measure these cellular parameters determined th
mean value for a mixed population of cells. The flow cytometer has the uni
capacity to permit the measurement of physiologic parameters in large numbers o
living single cells; it allows correlation with other parameters such as immunophe

1. type and cell cycle; and, finally, it reveals heterogeneity within the cell population'.
As an introduction to several more detailed presentations elsewhere in this

volume that describe the clinical application of probes of cellular physiologythi"
discussion will introduce several measurements of the greatest current interest.

INTRACELLULAR IONIZED CALCIUM

..- ;. "'-. - "i: -"2.' - :-

Ionized calcium has an important role as a mediator of transmcmbrane si
" •- ' *.'.--". transduction, and elevations in intracellular ionized calcium concentration ([Ca]i)

regulate diverse cellular processes. Measurement of [Ca"], in living cells is thus of
..... .... I considerable interest to a broad range of investigators.

". ..' Calcium influx is thought to be initiated either by membrane depolarization that
opens voltage-gated channels or by the binding of ligands to receptor-operated,
channels. The binding of agonist to its specific membrane receptor activates enzy •-:

" t :--matic processes that result in the activation of phospholipase C. Phospholipase C
causes the hydrolysis of a membrane phospholipid, phosphatidylinositol 4,5

. .. bisphosphate (PIP2), which yields a water-soluble product, inositol 1,4,5-trisph --'
-phate (IP3), and a lipid, 1,2-diacylglycerol (DAG). IP3 then causes the release of-•'::-'.... .... .. :..: :' =..:;: ; ;calcium from intracellular stores, whereasz DAG in conjunction with calcium ioUS";

--.,252

...... .-.. .... .i
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etivates protein kinase C. Thus, a single agonist can result in the production of at cX .-<j.

last two "second messengers", making this pathway a unique, bifurcating system. ' " .,

Calcium is therefore a "third messenger" that controls numerous cellular processes,
ctivating a broad variety of enzyme systems, both as a cofactor and in conjunction
*th the calcium-binding protein, calmodulin.

Indicators of Intracellular Ionized Calcium Concentration 2 - "

Until 1982, it was not possible to measure [Caz÷], in small intact cells; measure-
Inents were restricted mostly to large invertebrate cells where the use of microelec- .. •
1odes was possible. [Ca2- ], was first measured in diverse populations of cells with the 4 "
development of quin2., The indicator was easily loaded into small intact cells using
the acetoxymethyl ester of the dye.- This uncharged form diffuses freely into the
cytoplasm where it is hydrolyzed by estcrases to yield the tetraanionic form of the
dye, %hich is trapped inside the cell. Unfortunately. quin2 has several disadvantages • -
tbat limit its application to flow cvtometry 3 A relativclv low extinction coefficient and
quantum yield have made detection of the dye at low concentrations difficult; at
Nigher concentrations, quin2 itself buffers the (Ca 2-],. Subsequently, Grynkiewicz et
4L' described a new family of highly fluorescent calcium chelators that overcome

.ost of the aforementioned limitations. One of these dyes, indo-I (l-[2-amino-5-(6-
:arboxylindol-2-yl)-pheno-xyl2-12'-amino-5'-mcthylphenoxyvlethanc N,N,N 'N'-
:etraacetic acid), has spectral properties that make it especially useful for analysis "
with flow cytometry. In particular, indo-I exhibits large changes in the fluorescent
emission wavelength upon calcium binding. Use of the ratio of the intensities of
fluorescence at two wavelcngths (approximately 400 nm and 500 nm) allows calcula- I
tion of JCa2*J, independent of variability in cellular size or intracellular dye concen-
tration. The ratiometric approach thus gives considerable accuracy to this analysis, 4

allowing, for example, the basal [Ca-'*, to be seen to be constrained within narrow
limits (FIGuRE 1). The only significant drawback to the use of indo-1 is the
requirement for ultraviolet (UV) excitation.

A practical alternative to indo-1 became available upon the description of a
fluorescein-based, calcium-sensitive probe. fluo-3.5 This dye exhibits an increase in
fluorescence intensity with increasing [Ca2" 1,. The use of fluo-3 permits, for the first
time, the simultaneous use of other UV-cxcitable probes for flow cvtometry. such as
those used for cell cycle analysis or measurement of intraccllular glutathione.
allowing correlation of these parameters with calcium responses. The primary
disadvantage of fluo-3 is that it does not have fluorescence properties that allow • m
rdtiometric determinations. Therefore, calibration on a flow ctomcter is more
complicated because the signal is proportional to cell size and de) concentration as
%,ell as to [Ca",. In addition, the ability to measure responses in subsets of cells is
more limited because the broad distribution of fluorescence intensities of unstimu-
lated cells often results in an overlapping distribution of the values from stimulated
and unstimulatcd cells (FIGURE 1). This problem can be minimized by the simulta-
neous use of a second dye that serves as an indicator of the magnitude of dye loading
in an individual cell.' S-. -.. A. -
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* --. .- FIGU RE 1. Comparison of indo- I and fluo-3 measurement of [Ca"]), and methods of displao, of
kinetic data. Human peripheral bloo~d liomphtwcotes (PBL) %%ere loaded simultancousl ih3
g&g'mL indo-l and 3 qg'ml_ fluo-1. stained %%ith PE-CD4 mAb. and then stimulated %ith
anti-CD3 antibodo, (10 big. mL G19J-4. Jeff Ledbetter. Oncogen. Seaittle, Washington) at
approximately I minute after the start of anjlhsi! (note the Sip in data acquisition). Violet and
green indo-I emission (UV* excited) and green fluo-3 and orange PE emi-ssioin (488-nm excited)
%here collected simultaneouslk for each cell. Results uere gated from PE-CD4- cells. In panels
A and B. the results are displised as a -dot plot- %here the x-axis is time and the y-axis is the
indo-l ratio or the fluo-3 fluorescence intenWt. The mean indo- I raitioi sersus time is sho~ion int
panel C and the Rut.-', inten%ii% %cr%us time is sho%%n in panel D. The data %kere conserted to
calcium concentration %ersus time hi, calibration using measured constatnt% for indo-l (panel E)
and bv calibratio~n %ith buffer soilutilons for fluo-3 (panel F). Wlhereas the shapes of the curses5
for the mean irtdo-l ratio (C) and the tluio.3 intensify (D) are different (due to the different
values of K., for indo-l and lluo-3). the tuo measurements are It sentialhs identical once
conserted to [Caý-I, The percentage% oif eco:ls respimnding w~ith [Ca-'j, eleosated beyond M'O
standard deviations abose the mean oif the cell.% before antibsods stimulation ("percent Cells
ahoooe threshoild") are plotted for indo-l Ipancl G) and fluo-3 (pancl 1ll. The percentages of
responding; cells calculated tis cumulatise curioe subtraction are plotted in panels I and I (Or
indolI and fluo-3. respectisely. Data anal~osis ~as performed %ith softwhare ioritten by one of the
authors (P. S. Rabinositch) ("ut~m.Phoenix FlowA SNstems. San Diego, Califo~rnia).

* - -.. ~'.d
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Applications of the Flow Cytometric Analysis of ICa2*I.

A common extension of analysis of LCa2* 1, is thc simultaneous use of additionalI
!ý fluorochrome for the determination of cellular imniunophcnotype. This allo.-ss

~:alterations in !Ca2* , to be examined in specific immunophcnotypic subsets (FIGURE
).Fluorescein isocyanate (FITC)- and phycoer~thrin (PE)-conjugated antibodies

ca be used itih indo-!, and PE and allophycocyanin (APC) (or other red-excited i;
'~d'es) can be used with fluo-3. Numerous examples of thc analysis of [Ca~i in
*i m~munophe not**pically defined subsets have been described (rcvieved in reference iJ~

7).

1C'

r.1-

FIGURE 2. Analysisof [Caý), in human PBL stained ith indo- I and acocktail of PE-labeled l
antibodies that stain all cells but CD4 *(A.C) or CDS' (B.D). Analkses %~ere gated to esciude
all PE-Iabeled cells, a reciprocal staining %trite,* thit a~id% antibodi binding to CD4 and CIDS
receptors." Cells mere stimulated %ith 30 I&ZmL PHA~ (A.B) or 10 ~iag I'mL CD3 (G 19-S) IC.D).
The indo- I ratio is displayed %,cr~us time as in isometric plot %%here the z-axis is the cell number.
Note that [Cal-j, responses in CD4- cells are of higher magnitude than those of CD8V cells.

The flo',. c~tometric assav of cellular calcium concentration has already been
applied to a %%ide %arietv of cells. pro% iding interciting and sometimes unexpected
results. Examples of the initial applications (if the technique are presented in recent
teviews.7 One of the first observations that was made readily quantifiable by the flow
c)Iometric analysis was that there is great heterogeneity in the response of lympholl
Odtes to mitogenic agonists. Using simultaneous immunofluorcscence, some of this
heterogeneity can be sho%%n to be related to immunophenotypic subsets; for instance,
CD41 cells show more vigorous responses to lectins and C*D3 than do CDS' cells
(FIGURE 2).",1h1 Considerable use of this approach has been made in the demonstra-
lion of differences be-tween [Ca:*, activation requirements of differenit cell subsets
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and subset specificities of activation pathways. The effects of antibody binding to cell
surface molecules, sometimes a complication in labeling experimentsselendt
FIGURE 2), hav-e been extensively employed to analyze signaling mechanisms, and

* . .augmented or even new relationships have been probed by cross-linking antibodies
on the cell surface."'12 Flow cvcometric measurements with indo-l have been
performed to date with all nucleated blood cell types. Applications of fluo-3 have
been reported with most types, with reports appearing at a rapidly increasing pace.

The combination of sensitivity. reliability, and ability to analyze large numbers of
cells within cell subsets has made the flow cytometric assay of (Cai'j the preferred
technique for a broad spectrum of research applications. As a consequence of the
success of this rescarch. there are now- many cxci ting potential clinical applications of
the flbw cvtomctric assay of cellular calcium Concentration. The contribution by June
erist. in th~is volume describes some of these developing clinical applications.

INTRACELLULAR pli

The pH, of mammalian cells is - 7.2 and it appears to be closely regulated. In
mammalian cells. pH, is controlled by at least three mechanisms,. including Na* /H:
exchange. sodium-dependent CIJ/HCO,,,. and HCOJ,-,/CIJ- cschange. Acid extru-

- .- .sion is primarily accomplished by the Na I'H antiport and by soidium -dependent
ClJ,/ H CO I). w%0. hereas HCO- /Cl[ exchange has the major role for base extrusion.
All of these mechan isms appear to be stimulated by a variet\ of growth factors and by
phorbol esters. presumably through the activation of protein kinase C.

Indicators of Intracellular p11

Until recently. the most commonly .used probes were modifications of fluores-
cein, with fluorescein diacetate being the first -gene ra tion pH probe, followked by
carbo\\fluorcsccin diacetate (COFDA). Both of these thes are limited b\ relatiselv
poor retention inside loaded cells. An improsed fluoresein probe is 2'.7'-bis"
carbox~ethyl.-5(6)-carboxsfiuo~rescein (BCECF). As wsith indo-l and fluo-3, BCECF
is loaded into cells using the accto\\mcthvl ester: after hsdrofssis. it has a negative
charge of -4 or -5 and therefore leaks more %msl'f than COMDA. The pK. of
BCECF. 6.98. is near the pH, of resting cell% and tlicrc is" a pil-dependent shift in the
excitation w~avelength, making it possible to use the ratio of Iluo1rc~eseene signals to
correct for differences in loading and cell size. In addition. BCEC*F IliLorescence
excited at 450 nm is pH--independent. %hereas Iltiorcseence at Stf nrim is pH-
dependent. allowing ratiomictric fluorescence emission analksis (Txiwlýr 1). In both
cases, the magnitude of pH-dependent ratio shirtIs is relatisely modest'' and these
dyes arc largely supplanted by newer probes. The most usefuil of se\seral uv-excited
pl-I probes that have been developed is l.4-dliiaetoix\-2.3-dicsanoibenzenc (ADB).
The cell-permeant ADB is hydrolyzed and trapped intracellularly to vield 2-3
dicyanohydroquinone (DCH ).J Ratio)metrie determinations of pH are po~ssible using
a single excitation source by measu ring the fluorescence emission at 429 nm and 477
nm (TABLE I). As with the measurement oif [Ca2* ],. many laiboraitories will find the
requirement for UV excitation ito be the primary limitation for the use oif this probe.
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Recently. a useful probc for pH, measurement named SNARF-I (SemiNaphtho-
pThodaFluor) has been introduced.'5 SNARF-I has convenient excitation spectra l
488 or 514 nm) and exhibits large changes in pH-dependent fluorescence. The
,,nission at SNARF-1 in acid is maximal at 587 nm and the basic form emits

aimlyat 636 nm; there is an isosbestic point at 610 nm. The ratio of orange and
l~ed m~iss"ion is used as the pH, indicator. This provides the advantages of theI
patiometric determination, as described pre% iously.

Applications ofArtalysris of pH

As previously mentioned, the fluorescence emiksion properties of SNARF.1
itilow simultaneous excitation of FITC probes using the same 488-nm lascr. Analy sis

fpH, in immunophenotypical1h defined cell subsets using FITC-conjugated mAb is
ius very straightforward. Similarly. single-laser [Ca:-] measurements with fluo-3

a re easily performed simultaneouslv% with measurements of pH,. When a second UV
Iser is available. the [Ca:- 1, measurement % ith indo- I is optimal."

,rAsLE i. Fluorochromes for Ratiomctric Determination of pH Using Flow
ytometly

Fluorescence (rim)
Probe pK, Excitation Emission

bis-carbox~czhvl-carbos'wfluo~res-ccin .icetosv- 6.98 ritio-139 494C) 535 I
meth% l ester (BCECF ANI) 488 ratio 520 620

diacetoxv-difevnobenzene (ADI3): vields 8.0 3M1 ratio 425. 540
dicyan'ohdiroquinione (DCII) afttr de-
este riticat ion

carbosxy-SNARF- l-acctoxymethyl acetate 7.501 488. 514 r.itit 575 0*7)

Because of the large shift,; in pH, that take place upon activation of eranuloestes.
,4udics of intracellular p1-I in the analysis of gra nulow e function are prohahlv the
Most interestinie in the clinical laboratory today. These are discussed h% G. Valet in
Jlis volume.

IN'TRACELLL'L.R CDLUTATHIONE

Glutathione (glutaniloysticimklI cine. GSH) is an important antiosidant tripep-
Je thiol that i% in~ol%-ed in the sca'enging of toxic oxygen product-,.'- In addition.

GISH is in~olsvd in a number of other important reactions in the cell. including
COnkuation oif xenobiotics. amino acid transpoirt, and dcosyribonucleotidc ssnthe-

S-17 GSH is also important for the maintenance of cellular thiol redo\ status. and its
'dox state has been proposed to he a major determinant of the functioning of ~a
aImber of enzy mes and in the integri ty of vs oskccIeal protein,. These roles for OSH
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have important consequences upon cell physiology and mitogenic activation. In
* . -~~-general, augmenting cellular GSH with cysteine delivery agents. such as N-acetvlcy.~

teine or oxathiazolidine carboxvli aiowthluathione esters has a postv
effect on cell growth, whereas depletion of GSIA inhibits many cellular functions.'?
GSI- is known to influence cell growýth and replication at various levels, including

G~lSphae tansition"' and very early eccnts in mitogen-induced cell acti ation.
GSH has also been show-n to affect thec responsiveness of cells to various cvtokines,
for example. the action of IL-2 in lhmphocvtes.:12

The activity of redox-responsivc oncogene products and DNA-binding factors
responsible for gene regulation max' also be affected by the GSI- status of the cell.
For instance, the interactions of c-fos and c-jtt~: products are knownr to be redox.
sensitttve3' Another example is that of NFkB. Roederer and colleagutes-" have shown
that this nuclear binding factor can be inhibited from binding to regulatory DNA.
binding domains by.\*-acct\ le~steine. a drug that increases thle GSI- le~cl of cells.

Indicators of Inatraretlhdar GSII

Several wears ago. Durand and Oliwe` published a rceicew of fluorescent indica.

tors for thiols. including GSI-I that might prove useful for hlow. cytometric purposes.

advance in the measurement of GSH b\ flow. c\ tonictr n \%s nude by Rice et at,:6

who used nionochlorobimane (MCB) to detect chianc.es in the GSH status of
individual normal and tumor cells. This dye owes its specificity foi- GSII (see FiGURE

* .. *3) to the fact that it is conjugated to GSH b\ glUtathione-S-transferases and has

'- 50-

C 45-

C 40-

C 35-

0

0 10 20 30

GSH (nmol/mg Protein) by HPLC
FIGLRE 3. Correlation betw\een GS I content nicas,med 1%% I ll'LC and NICI tlow c~tonictly.
Chinese hamister \'79cells were treated \%ith II. 1. 3,. 9. ~.or I2 mi\t ltS for 12 hotirs. Cells were
then processed for flomw tonictry (45 IAM NICB for 10I minutes at 37 C) or for "PLC
determination of the total r edUCed CGSI I content (fromi reference 44. with permnission from the
publisher).
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PERCENTILE OF MCB FLUORESCENCE

FIGI RE 4. Proliferation of human CD4* lnphocyte% sorted on NICB fluorescence intensit%.
Human lymphocytes isolated from peripheral b'lood b%. density gradient centrifugation %%ere
stained wýith NICB (60 i.L% for 1; minutes at 37 eC) andt PE ant'CD m-.C4cl 'r
then sorted according it) their MCII fluorescence for the Mo';s 0. the 10111 to 201h
percentile, the 40th to 60th percentile. and the highest 20%ý of the tluorescence histogram. Cells
-Acre then plated into '~-eIplates precoated ssith anti-CD3 mAh in BrdLI-containing
medium. After three dass. cells sere hatvested and assessed for proliferation hy the BrJU.
Hoechst method.' 5 There is a direct correlation bet%%een the;NICI fluorescence jflteflsit of the
unstimulated cells aind their subhsequent ahility ito proliferate.

relativclv lo%% noncnizvm-atic reactisttv towards GSH and other thiols.:- As examples
of the application oif the mecasurement of GoSI-1 in % iablC Cells using MCB. FiGL RFs 4
and 5 show that the proliferation and [Ca-" 1, responses of sorted CD4 -T cells are
proportional to their basal OSH content.

Another reagcent, chlorkincthsllluorcscein diacetale (CMF'DA). hais recentlv

been described for mecasuirtne tntracelluilar GSH.- lntracellUhtr CN1F is presumiably
metabolized in a manner similar ito MCB. \ieldinug a GStI-NIF it~torescent conjuglate.
The advantage pro\ ided In\ this ds~c is that thle eveitation and enmissiotn characteristics
are similar to Iluorcscetin once conjugat0.ed to GSI I. aillos in- the Use of 41,S-nnm
excitation. The principal disadthantage \ith this dws is that it is apparentl% le-ss
specific for GSII than NICBR

.tpplicatiolnv of .-Inflyrx qf G(itI

In the clinicat laboralor%. GSI I has rcccntl\ recci\sed attent ion because of its role
in a numiber of pat hological disease states inclttdin- tumnor cell reststance to
chemotherapeutic agents (see the contributiotn b> D. VV. tledley in this %olunie) and
idiopazthic pulmonary fibrosis.- In additionl. considerable recent attentiiotn has been

IS.v
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binding of ligands to transmembrane receptors hase been suecested to tc mediators 1
* of subsequent physiologic cellular responses. Detailed inesetiration ot the mem-

brane potential in small cells has been made feasible b% the dc~clopment of potential
jnsitive indicator probes. These probes are charged lipophilic molecules; thes

Fartitiofl betwe.-cn the cell and the surrounding medium according to the Nernst
equation: Cc C,, = e"' R7. %,.here Cc and C, are the m~osolic and CmTraceiluiar
indicator concentraitions: ni is the chairge of the indicaitor: iE i the membrane TI

potential: and F. R. and Tare the Faraday and cas constants and temperature For a
cationie indicator, the cellular concentration fjlls a% the membýrane potential de-
clines towrards zero and it rises if the cell h~ pcrpolarize% (i e.. the cy rosol becomesc,
mnore elect roneat i\ c "ith respect it) the medium).

Cvaniyte Dyes

A family of cationic eoanine d~cs %%ere described b% 11offmann and Laris' to be
useful indicators for cells in solution, in the manner described earlier. These
fluorescent dye% h.i~e at sinele neca.tixe charce declocalized oser an esten'i~c pi-
electron system in at highly symmetric molecule. Sim% cg a!.ý' introduced the short-
hand nomenclature Di)'C,(-rni+ I ) for these d'es,. wAhere the *N*'* memnber of the rint!
structure may be o\\igen (0). sulfur (S). or isoprop~l (1). The length of the alk'.l side
chains, *n*. affects the lipid solubility and inm. the number of methcnc groups.
affects the fluorescence spectral characteristics. The use of the highl\, fluorescent
d'es sho%%n in TA~BLE 2 \%ith flow c-\tomctr\, allo%%s adequate fluorescence sienal
detection of single cells v-it h dye concentrations belou 10' MI. Under these
conditions. hyperpolirization is accompanied by increased cellular fluorescence and
depolarization is accompanied b\ decreased fluorescenc. These loss dse concentra-
tions also help ito minimize the tosicit% of the c'anine d~es.

M~onol I1vC~s

The owonol dies are chemically unrelated to the c~anine d~es. but are sirnilarhN
s~mti.mniebrane-pcrmeant molecules %%ith it hivhl\ deloealized chariee. Ti

charge is ncgati\,c. in contrast to the evanine dwes. so that the chances in partitioninLe

TBLE 2. D~cs for Flo\% Cstometric Analysis of Nientrane Potenitial

Excitation (nnfl Emission (nm)

Csanine Dses
DiOQ(3i) 4.5s 5 1()-;5:1
DiOC,4(3) 4NX 5_'I)_' ;.

DlC,43l 488. 5 14 54o(-5so

O'onol Dxc,.

iBAC'40) 488t 5 051)
iSlBAC:(3) 5681 590-6.110

17
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'~ ~ ~in response to altered membrane potential are in the oppos.ite direction to cs'anine
d~es: depolarization of the membrane transfers the anion front the external medium~

.~ .. ,~onto binding sites within the cell and hypcrpolarization results in dyc exclusion and
decreased cellular fluorescence. For flow cy-tomctry. the properties of the oxonol
dyes are especially attractive: analysis of cells takes place almost completely apan
from the dye in the external medium (increasing the siPnal-to-noise ratio). In
addition. the lower proportion of bound dNye increases the buffering of the external
dye concentration and the negative charge of the dye forces exclusion from the highly
negatively char~ed mitochondria. minimizing a complication encountered \%ith cya-
nine dses.

A4pplicat ion of nthe Stiady of Ucinbrane Potential by Flow Cytoinetry

An increa~ine friction of studieo of membrane potential are being performed by
flow cvtometr%. taking ad% an tage of the sensiti% itN of this methodology, the ability to
recognize heterogeneity in cellular responses. and the opportu nities for multiparam.

- - .~ - etr analysis. These applications hase been recently reviesscd."
Flom, cytometric analssis oif membrane potenitial ha% been useful in studying

- - -.- - jneutrophil actixation and can demonstrate subpopulation% of cells \%ith different
.1polarization folloss ing stimulut ion.' Alterations in membrane potential can also be
-j correlated %% ith other tests of neutrophil funct ion, such as chemotaxis. and may have

potential clinical useflnss."~ Membrane: potential measurements may also have
utility in monitoring drug effects on normal and tumor cells.""~
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